Abstract-As renewable generation has become less expensive during recent decades, and it becomes more accepted by the global population, the focus on renewable generation has expanded to include new types with promising future applications, such as river and tidal generation. The input variations to these types of resources are slower but also steadier than wind or solar generation. The level of water turbulent flow may vary from one place to another, however, the control algorithm can be adjusted to local environment. This paper describes the hydrokinetic aspects of river and tidal generation based on a river and tidal generator. Although the information given in this paper is not that of an exact generator deployed on site, the data used is representative of a typical river or tidal generator. In this paper, the hydrokinetic and associated electrical controller of the system were not included; however, the focus of this paper is on the hydrodynamic control.
I. INTRODUCTION
HIS paper is based on the hydrokinetic power generating system for a river and tidal generator. The analysis is based on a tentative river generator with the power rating of 40 kW. This paper focuses on the hydrokinetic power conversion, and the electrical system is simplified to clarify the hydrokinetic system and its associated control system.
Renewable energy continued to grow in 2014 against a backdrop of increasing global energy consumption and a dramatic decline in oil prices during the second half of the year. Hydropower is considered one of the most important renewable energy sources. Renewable energy sources are the second largest contributor to global electricity production, after fossil fuel.
Two types of tidal energy conversion use water flow to drive the turbine generator: one is based on utilizing the difference between the high and low tides, and the other is based on utilizing the water flow during the flood and ebb of the water. Tidal generation is more predictable than wind or solar generation; however, the level of turbulence and the impacts on the conversion device are no less severe than they are with wind turbulence [1] .
Prospecting tidal energy is no trivial matter. Monitoring, measuring, and performing numerical simulations are used to compute the potential energy that can be harvested in a regional area. Various numerical methods are used to forecast the annual energy production at different sites to ensure successful tidal deployment [2] [3] .
Marine hydrokinetic energy resources have very promising futures. Various types of marine hydrokinetic generators have been explored, and some of have been commercialized. [4] [5] . A typical tidal generator can be mounted on the bottom of an estuary, and its shape and structure are similar to that of a Savonius wind turbine generator. It may be placed vertically or horizontally depending on the resource and the site. This paper is arranged as follows. Section II describes the hydrodynamic power conversion, followed by the dynamic simulation in Section III. Finally, Section IV presents the conclusion.
II. HYDRODYNAMIC POWER CONVERSION
The technology used in tidal energy conversion is based on past work in designing propellers and the blades found on wind and hydropower turbines. The equations used to compute the energy conversion are very similar to the equations used in wind energy conversion.
The hydrodynamic power conversion in this type of generation is very similar to the generating system of wind power generation. It consists of major components: (a) the prime mover-the water turbine driving the generator, and (b) the electrical power conversion-the conversion from the output power of the generator at variable frequency into the power injected into the grid. This paper focuses on the turbine control using electrical power to position the turbine's operating point on the hydrodynamic characteristic of the water turbine.
A. Hydrodynamic Characteristic
The typical performance coefficient of the turbine is shown in Figure 2 . This type of Cp characteristics has a major advantage in that the turbine can be stalled to control the rotational speed and thus preventing a runaway condition from occurring without the need for pitch control as in a wind turbine. The available hydrokinetic power of a water turbine can be computed from the water flow and the turbine dimension as (1) Where R is the radius of the turbine, A is the area of the turbine, is the water density, V is the water flow, and C p is the performance coefficient of the turbine.
The tip speed ratio (TSR) is defined as the ratio of the linear speed of the tip of the blade to the water speed. (2) where the rotational speed, , is the rotational speed of the blade. As shown in Figure 3 , there is a specific TSR that has a maximum operating C p . The water flow, V, in equation (1) can be substituted by the rotational speed, , in equation (2) . The new equation can be written as
The corresponding power-versus-speed characteristic for different flow speeds is given in Figure 3 .
B. Maximum Power Point Tracking
Many maximum power point tracking systems with active search solutions have been developed during the years [5] [6] . In this paper, we offer a passive control by using the rotor speed to guide the operating point of the tidal generator. This concept has been used successfully in wind power generation, and it provides a simple but stable operation. By substitution, we can replace Cp with C pmax and the TSR with TSR cpmax . The resulting equation (3) can be used to control the generator and power converter as shown in equation (4) .
The equation used to control the generation can be further simplified as in equation (5).
where Figure 4 shows the implementation of the feed-forward control by controlling the generator output as a cube function of the rotational speed. This type of control is often used in variable-speed wind turbine generation and has been proven successful. The control algorithm can be implemented by using a prescribed power-speed lookup table as shown in equations (4) (5) . Note that under normal circumstances, the value of Kgain is constant at one per unit. As shown later, this value can be adjusted on the fly. Figure 4 shows the hydrokinetic power of the turbine as lines with symbols in different colors to represent different water flow speeds. The electrical output power is commanded (by controlling the power converter connected to the generator) to follow the equation, which is the cube function of the rotational speed (5) , and it is shown as the green line in Figure  4 . Unfortunately, this controller may lead to an unstable operating point. To illustrate the unstable operation, assume that the turbine originally operates at a water flow of 2.5 m/s corresponding to Point A. The generator power is commanded to follow the Cpmax (green line), and the hydrokinetic power corresponds to the blue line. A sudden increase of the water flow from 2.5 m/s to 3 m/s will not bring the hydrokinetic power up; instead, it will bring the hydrokinetic power down. As shown in Figure 4 , the hydrokinetic power originally coincides with the generator output power at Point A (star). As the flow speed increases to 3 m/s, the hydrokinetic power suddenly drops from Point A to Point B. As a result, the output of the generator is higher than the hydrokinetic power; thus, the rotational speed slows down. The operating point of the hydrokinetic power will follow the purple curve (for a water flow of 3 m/s) from Point B to Point B', the generator power will follow the green curve from Point A to Point B', and the generator power will meet the hydrokinetic power at Point B', the new stable operating point.
III. DYNAMIC SIMULATION
In this section, the dynamic simulations are performed to verify the steady-state prediction and observe the dynamic behavior of the tidal turbine system under variations of water flow. Changes to the control algorithms are proposed and simulated to verify the performance and observe the stability and improvement in the energy capture of the turbine system. Figure 5 shows the operation of the turbine at C pmax based on equation (5) to illustrate the unstable operation. The water flow was originally at 2.2 m/s, it increases at 2.75 m/s, and instantaneously the operating point moves to the left of the TSR tgt . The hydrokinetic power of the turbine becomes lower than the electrical output power, thus slowing the rotational speed of the turbines, and the TSR becomes even smaller. Further increasing the water flow to 3 m/s does not improve the C pmax .
The corresponding TSR and the operating C p can be illustrated in Figure 6 . This operation becomes unstable when the turbine is entering the stall region where the performance coefficient, C p , collapses as the TSR drops significantly. 
A. Modified Power-Speed Command to Improve Stability
The controller modified in the previous section can be further improved by changing the power controller when the water flow is in the medium to high range (between 2.5 m/s and 3m/s). As such, a better energy yield can be achieved, but the system is more stable in the low to medium water flow. The reasoning behind this control strategy is that in the higher water flow we want to allow the system to stall to ensure that a runaway situation will not occur. Figure 7 shows the modified power-speed path between Point B and Point C. As shown, the slope from Point B to Point C increases. This change can be expressed in equations (6-9). Note that this change can be made more aggressive to force-stall the turbine in the higher water flow regions by changing the value of Kslope expressed in (7). Stalling the turbine in higher water flow will ensure that the turbine does not experience a runaway condition when a sudden change in water flow increases above the rated flow. Thus, without a pitching mechanism, this control strategy can be adopted.
The operation can be illustrated by referring to the power performance characteristics shown in Figure 8 , wherein the operating point between the low and medium water flow is slightly less than the peak C p (C p_max ). Thus, from low to medium water flow, the generator will be operated to stay at C p_adjusted for stability purposes. From medium to high water flow, the turbine will be transitioned from C p_adjusted to C p_max operation. 
B. The impact of water flow ramping
In the previous sections, we examined an extreme condition where the water flow changes abruptly like steps. This works well to exercise the control systems implemented and to investigate the control algorithms suitable for extreme conditions. However, the changes in water flow are generally gradual. Here, we investigate different ramping rates on the water flow and observe the behavior of the turbines under these conditions. With a low ramping rate, the water flow changes at a slower rate; thus, the rotational rotor speed of the turbine is able to follow the changes of the water flow. This condition will make it possible for Point A and Point B shown in Figure 4 to stay together when the rotational speed of the turbine is able to follow the changes of the water flow.
To show the impact of the water flow ramp rate, we examine the same system with normal inertia operating with the water flow changing at 100 seconds and 200 seconds at a ramping rate of 0.1 m/s. As shown in Figure 10 , if the ramping rate of the water flow is reduced, the gain factor can be increased to Kgain = 0.96; thus, it is very close to Cpmax operation.
The corresponding Cp and TSR of the turbine are shown in Figure 11 , indicating that the turbine operates at higher efficiency with the gain adjusted closer to 1.0. Note that this is an additional 16% increase in energy conversion efficiency gained from the knowledge that the maximum ramping rate of the water flow is at 0.1 m/s. The setting of the Kgain may be adjusted for different sites for installation; this number is different from one place to another, from one time of day to the next, or from season to season depending on the nature (ramping rates) of the water flow. Perhaps an adaptive gain schedule can be implemented as we accumulate more experience and data from the field tests conducted during the coming years. 
IV. CONCLUSION
This paper presented the basic operation of a river or tidal generator. The similarities of this type of generation system to those of a wind turbine system make it possible to start the analysis by using the basic equations used to describe wind power generation. The data analysis and calculations are given per unit when possible to make the analysis as generic as possible and to accomplish two major goals: to transport the control system to different power ratings and to make the analysis agnostic to different manufacturers; thus, no proprietary information is revealed.
We proposed a turbine control by utilizing the rotational speed of the turbine only. This controller is very stable; however, a sudden change of water flow may stall the turbine unexpectedly. To stabilize the system, we propose two concepts: (a) derating the turbine with a fixed-gain setting throughout the water flow, resulting in a lower Cp than maximum possible C pmax , and (b) using adaptive gain as a function of the rotational speed to allow for higher hydrodynamic efficiency (C p ) of the turbine in the region close to the rated rotor speed. Finally, we investigate the impact of the ramping of the water flow. Since the step change of the water flow discussed in Section III A is used to illustrate the potential of instability, in Section III B we investigate the ramping of the water flow. This is the more natural rate of change in the water flow, which reflects the nature of river or tidal generation. As shown, a gain closer to 1.0 can be used to achieve a higher operating Cp range, and yet, a stable operation. The actual implementation of the control strategy should be adapted from site to another site, possibly from season to season throughout the years. From the field experience one can adjust the strategy to increase energy capture, to optimize the electromechanical compliance, and/or to improve the overall performance of a tidal plant or cascaded river generators, as we gained experience operating the plant or generator over the years, 
